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Abstract

YAG:Ce nanocrystals were successfully formed within silica matrix via impregnation of a YAG:Ce precursor
solution in mesoporous silica, followed by sintering. In this study, vacuum-assisted impregnation was applied
to increase the size of YAG:Ce nanocrystals in a silica matrix. The size of the YAG:Ce nanocrystals stabilized
in the silica matrix via impregnation under atmospheric pressure was 18 nm. By applying vacuum-assisted
impregnation, the size of the nanocrystals increased to 31 nm. The photoluminescence spectra of the obtained
silica-YAG:Ce composites revealed that there was an approximate three-fold increase in the intensity of emis-
sion when vacuum-assisted impregnation was applied. The internal quantum efficiency also increased from
13.6% to 32.2%.
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I. Introduction

Cerium-doped yttrium aluminium garnet

(Y3Al5O12:Ce3+ (YAG:Ce)) is an excellent phos-

phor employed in white LEDs as a light converter

[1–3]. The synthesis of YAG:Ce nanocrystals has

attracted significant interest, and numerous studies

on the synthesis of nanocrystals have been conducted

[4–8]. Porous materials are useful in fabricating

size-controlled nanocrystals. Among the various types

of porous materials, mesoporous silica is the most

frequently used to support functional nanocrystals

for catalysis [9,10] and phosphor [11,12] because

various types of mesoporous silica with different pore

properties are available.

Recently, YAG:Ce nanoparticles incorporated in me-

soporous silica were synthesized by mixing a YAG:Ce

solution and a silica solution with subsequent drying

and sintering [13]. However, controlling the size of

nanocrystals seems to be difficult because nanocrystals

are likely to aggregate in a flexible silica network in

the solution. To control the size of YAG:Ce nanocrys-

tals, they should be grown in solid mesoporous silica,

which works as a rigid template. However, no previ-
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ous study has been reported on the incorporation of

YAG:Ce nanocrystals in the rigid mesoporous silica be-

cause yttrium might easily react with silica to form yt-

trium silicate. To grow YAG:Ce nanocrystals in meso-

porous silica, a sufficient amount of YAG:Ce precursor

should be introduced in the pore before starting the sin-

tering process. Recently, Aboulaich et al. [14] prepared

mesoporous silica, dispersing YAG:Tb nanophosphors

with high crystallinity, by in-situ synthesis in meso-

pores for the first time. They repeated impregnation of a

YAG:Tb solution into mesoporous silica ten times to en-

tirely fill the pore with YAG:Tb precursor. With subse-

quent sintering at 1000 °C, YAG:Tb nanocrystals were

formed in mesoporous silica. However, the incorpora-

tion of YAG:Ce nanocrystals has not been reported yet

probably because the control of valence state of Ce3+

is difficult owing to the inhomogeneity resulting from

the repetitive impregnation. Moreover, repeating the im-

pregnation ten times is tedious and time-consuming.

Hence, a simpler method is required for the incorpora-

tion of the YAG:Ce precursor in the mesopores.

Herein, we propose the utilization of the vacuum-

assisted impregnation, which was previously used to

disperse high concentrations of metal oxide nanopar-

ticles in mesoporous media [15,16]. Impregnation in

vacuum helps in removing “air pockets” of absorbed
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gas in the mesopores, which hinders the introduction

of the solution, leading to a homogeneous loading of

a high concentration of the precursor. The structure

of the obtained silica-YAG:Ce composites was exam-

ined using X-ray diffraction (XRD), scanning electron

microscopy (SEM), and scanning transmission elec-

tron microscopy (STEM). The photoluminescence (PL)

spectra and quantum efficiency were also investigated.

II. Experimental

2.1. Synthesis methods

In the first step, a precursor of YAG:Ce nanocrys-

tals was prepared by dissolving Y(NO3)3 · 6 H2O,

Al(NO3)3 · 9 H2O, and Ce(NO3)3 · 6 H2O in 30 ml of a

2:1 water-polyethylene glycol (PEG-200) mixture, fol-

lowing the procedure reported by Xiaown et al. [13].

Here, 4 mol% of Ce3+ ions with respect to Y3+ ions was

added into the mixture. Citric acid (0.5 M) was then

added to control the pH of the solution and stirred for

1 h to achieve a homogeneous mixture. As the support

medium for the YAG:Ce nanocrystals, 1.5 g of meso-

porous silica particles (Sigma Aldrich, Davisil grade

643, 200–425 mesh, Sigma Aldrich) was used. The

mesoporous silica powder was first placed in a glass

flask and kept in vacuum at 200 °C for 1 h to remove the

trapped water and gas in the mesopores. After cooling

to room temperature, the precursor solution was poured

into the glass flask. To impregnate the mesoporous sil-

ica with a YAG:Ce precursor, the precursor solution and

mesoporous silica were kept in vacuum until the re-

lease of gas bubbles from the mesoporous silica was no

longer observed. The sample mixture was dried in an oil

bath at 90 °C for 15 h. The sample was then sintered at

1150 °C for 3 h in air to grow the YAG:Ce nanocrystals

inside mesoporous silica. To force the cerium ions to

maintain a trivalent state and improve the crystallinity

of YAG, the sample was further sintered in a reducing

atmosphere of H2 (5%) and Ar (95%) at 1000 °C for

7 h. To remove any surplus micro-sized YAG:Ce phos-

phors formed during synthesis on the surface of silica,

the obtained sample was immersed in a 0.5 M NaOH

solution for 24 h under vigorous stirring and then cen-

trifuged (8000 rpm for 5 min).

To clarify the effect of vacuum impregnation, a sam-

ple without vacuum-assisted impregnation was prepared

for a comparison. The sample was prepared using the

same procedure described above, except that the im-

pregnation of the precursor was undertaken in air at at-

mospheric pressure. The obtained sample was charac-

terized based on a comparison with the sample prepared

using vacuum-assisted impregnation.

2.2. Characterizations

The mesoporous silica particles, used as the start-

ing material, were characterized by nitrogen adsorp-

tion method. The measurement was performed using a

N2 adsorption/desorption measurement system (Quan-

tachrome NovaWin, NOVA instrument). The presence

of a crystal phase in the obtained samples was exam-

ined through XRD, using a diffractometer (Ultima-IV,

Rigaku) with Cu-Kα radiation at 40 kV and 40 mA. For

the SEM measurement, powder sample was mounted

on a holder using double sided carbon-conductive tape,

and coated with carbon by vacuum-evaporation. SEM

images were taken on a JEOL 5600 scanning electron

microscope equipped with an energy dispersive X-ray

spectroscopy (EDS) system. With regard to STEM mea-

surements, the samples were ground and suspended in

an ethanol solution and loaded onto a copper mesh.

The STEM/EDS measurement was performed using a

Tecnai G2F20 (FEI), operating at 200 kV. The photolu-

minescence (PL) was measured using a photolumines-

cence spectrometer (F-7100, Hitachi). The sample was

loaded in the stainless cell having a silica glass window.

The quantum yields of both samples were measured us-

ing an integrated sphere equipped with a spectropho-

tometer (QE-1100, Otsuka Electronics).

III. Results and discussion

3.1. Structural characterization

Figure 1a presents the nitrogen adsorption/desorption

isotherm curve of the silica powder. The isotherm ex-

hibits typical Type IV behaviour characteristics for me-

soporous materials [17]. Figure 1b presents the distri-

bution of pore diameter analysed by the Barrett-Joyner-

Halenda (BJH) method. The average pore diameter and

Figure 1. Adsorption/desorption isotherm (a) and pore diameter distribution (b) of porous silica used in the experiment
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Figure 2. SEM micrograph of: a) mesoporous silica (starting material) and b) composite sample prepared via
impregnation in air

Figure 3. SEM images of the obtained silica particle prepared via impregnation in vacuum (a) and in air (g) and EDS mapping
of elements of the sample prepared via impregnation in vacuum (b-f) and in air (h-l)

pore volume derived from the analysis are 17 nm and

1.07 cm3/g, respectively.

Figures 2a and 2b present the SEM images of the

starting silica particles and the finally obtained com-

posite, respectively. In both samples the average particle

size is ∼50 µm, and shape of the obtained composite is

similar to the original silica particles. Figures 3a and 3g

show the particles obtained via impregnation in vacuum

and in air, respectively. The EDS mappings of the par-

ticles prepared via impregnation in vacuum and in air

are presented in Figs. 3b-f and 3h-l, respectively. The

distribution of Y, Al, Si, O, and Ce is mostly uniform,

meaning that majority of micro-sized YAG:Ce crystals

inevitably formed on the surface of silica particles are

removed with NaOH leaching.

Figure 4 shows the XRD patterns of the silica-

YAG:Ce composites synthesized in vacuum and in air,

along with the diffraction lines of Y3Al5O12 (JCPDS

33-0040), cristobalite (JCPDS 76-0934), and quartz

(JCPDS 89-8937). The diffraction lines of YAG are

clear in both samples, revealing the presence of the

YAG crystal phase. The average size of the YAG:Ce

nanocrystals was estimated by the Scherrer’s equation

[18] from the width of the major line at 29.6° and 33.2°.

The size of the particles in the sample prepared via im-

pregnation in air was 18 nm, which mostly coincides

with the pore size. In contrast, the size of the crystals in

Figure 4. XRD patterns of silica-YAG:Ce composites
synthesized in vacuum (red curve) and in air (black curve)

together with diffraction patterns of Y3Al5O12 (JCPDS
33-0040), cristobalite (JCPDS 76-0934) and

quartz (JCPDS 89-8937)
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Figure 5. STEM images of the sample prepared via impregnation in: a) air and b) in vacuum

the sample prepared via vacuum-assisted impregnation

was 31 nm, which is much larger than the pore diameter.

Xia et al. [15] reported that three-dimensionally con-

nected oxide materials are formed in mesoporous SiO2

via vacuum-assisted impregnation with subsequent sin-

tering at 850 °C. Different from the work of Xia at al,

there is local structural change in the silica matrix be-

cause of the sintering at a higher temperature (1150 °C)

adopted in this work; the change occurs with the col-

lapse of the pores above 950 °C [19] and crystallization

of the silica matrix observed by XRD. Hence, it is spec-

ulated that the 3D-connected YAG:Ce nano-domains are

first formed in the pore, and they aggregate to form

YAG:Ce particles larger than the pore size with the

structural change of the silica matrix.

Figure 5 shows the STEM images of the silica-

YAG:Ce composites synthesized via impregnation in

vacuum and in air. Isolated particles (bright area), with

typical size of ∼15–20 nm, are clearly observed in the

composite synthesized via impregnation in air (Fig. 5a).

The average and median size of the particles are 15 nm

and 16 nm, respectively. The size observed by STEM

mostly agrees with that estimated by XRD. On the

other hand, STEM image of the sample prepared via

vacuum-assisted impregnation (Fig. 5b) confirms pres-

ence of highly concentrated particles. Accurate size of

the particles cannot be determined because boundaries

of the particles are not very clear, however, approxi-

mate size of the particles is frequently found between

30 and 40 nm (Fig. 5a). This observation is also con-

sistent with XRD results. The particles are not spheri-

cal and exhibit distorted shape, strongly suggesting that

particles are formed with the aggregation of the three-

dimensional domains of the YAG:Ce crystals. Thus, the

vacuum-assisted impregnation is proved to be effective

in enhancing the growth of the particles. However, size-

controlled well-isolated particles were not obtained due

to the aggregation of YAG crystals formed in the pores.

3.2. Optical properties

Figure 6 presents the emission and excitation spec-

tra of the samples synthesized under two different con-

ditions. The two prime excitation peaks observed at ap-

proximately 340 and 455 nm were assigned to 4 f → 5d2

and 4 f → 5d1 transitions, respectively [5]. The PL

spectra (λex = 455 nm) of the silica-YAG:Ce compos-

ites were measured in the range of 500–700 nm, as illus-

trated in Fig. 6 (solid curve). The PL peak was obtained

at approximately 565 nm, with a full-width broadband

emission at half maxima of approximately 100 nm as-

signed to 5d → 4 f transition. The intensity of emission

for the sample impregnated in vacuum was almost three

times higher (red curve) than that for the sample impreg-

nated in air (black curve).

The colour coordinates of the Commission Interna-

tionale de l’Eclairage (CIE) for both samples are (0.44,

0.53), and a yellow light was observed. For the sample

Figure 6. PL spectra of silica-YAG:Ce composites
impregnated in vacuum (red curve) and in air (black curve)
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impregnated in air, the internal PL quantum yield (IQY),

external quantum yield, and the absorption obtained

were 13.6%, 5.6%, and 41.1%, respectively. In contrast,

these values respectively increased up to 32.2%, 23.5%,

and 66.8% in the sample impregnated in vacuum. Typi-

cally, nano-sized YAG:Ce crystals obtained through the

solution process lie between ∼18% and 38% [7,20].

Hence, IQY in the present work, which is not very high,

is attributed to the small size of crystals.

IV. Conclusions

YAG:Ce nanocrystals were successfully grown inside

a silica matrix by immersing the precursor solution into

mesoporous silica, followed by sintering at 1150 °C.

The effect of evacuation during immersion was inves-

tigated. It was found that the vacuum-assisted impreg-

nation significantly enhanced the growth of YAG:Ce

nanoparticles, i.e. the size of the YAG:Ce particles in-

creased from 18 to 31 nm. The IQY of the obtained

sample was enhanced from 13.6% to 32.2%. Hence, it

can be concluded that the vacuum-assisted impregna-

tion was effective in enhancing the growth of YAG:Ce

nanoparticles in mesoporous silica.
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